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Fifteen percent of lung cancer cases occur in never-smokers and show
characteristics that are molecularly and clinically distinct from those in
smokers. Epidermal growth factor receptor (EGFR) gene mutations,
which are correlated with sensitivity to EGFR-tyrosine kinase inhibi-
tors (EGFR-TKIs), are more frequent in never-smoker lung cancers. In
this study, microRNA (miRNA) expression profiling of 28 cases of
never-smoker lung cancer identified aberrantly expressed miRNAs,
which were much fewer than in lung cancers of smokers and included
miRNAs previously identified (e.g., up-regulated miR-21) and uniden-
tified (e.g., down-regulated miR-138) in those smoker cases. The
changes in expression of some of these miRNAs, including miR-21,
were more remarkable in cases with EGFR mutations than in those
without these mutations. A significant correlation between phos-
phorylated-EGFR (p-EGFR) and miR-21 levels in lung carcinoma cell
lines and the suppression of miR-21 by an EGFR-TKI, AG1478, suggest
that the EGFR signaling is a pathway positively regulating miR-21
expression. In the never-smoker—derived lung adenocarcinoma cell
line H3255 with mutant EGFR and high levels of p-EGFR and miR-21,
antisense inhibition of miR-21 enhanced AG1478-induced apoptosis.
In a never-smoker—derived adenocarcinoma cell line H441 with wild-
type EGFR, the antisense miR-21 not only showed the additive effect
with AG1478 but also induced apoptosis by itself. These results
suggest that aberrantly increased expression of miR-21, which is
enhanced further by the activated EGFR signaling pathway, plays a
significant role in lung carcinogenesis in never-smokers, as well as in
smokers, and is a potential therapeutic target in both EGFR-mutant
and wild-type cases.
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pproximately 10% to 25% of all lung cancer cases are not
attributable to smoking (1, 2). Recent studies that pay specific
attention to lung cancers in never-smokers have suggested that
these cancers have characteristics distinct from those in smokers
(2): G-to-T transversions of the p53 and K-ras mutations occur less
frequently in lung adenocarcinomas from never-smokers than in
those from smokers (3—-6), and mutations of epidermal growth
factor receptor (EGFR) gene are observed more frequently in
never-smoker cases (6). A profiling of global gene expression in
never-smoker lung cancers may provide novel molecular and clin-
ical aspects in lung carcinogenesis. Although EGFR tyrosine kinase
inhibitors (EGFR-TKISs), including gefitinib and erlotinib, currently
are in clinical use and are preferentially effective in EGFR-mutant
cases (7, 8), as many as 30% of EGFR-mutant cases and 90% of
EGFR wild-type cases showed no therapeutic response to EGFR-
TKIs (9). Therefore, identification of a new therapeutic target and
development of a method to improve the EGFR-TKI therapy will
be of critical importance for the better treatment of lung cancer.
MicroRNAs (miRNAs) are small, non-coding RNA molecules of
about 18 to 25 nucleotides that frequently are located at chromo-
somal regions deleted or amplified in cancers, suggesting that
miRNAs are a class of genes involved in human tumorigenesis (10).

www.pnas.org/cgi/doi/10.1073/pnas.0905234106

Expression levels of miRNAs are altered in various types of human
cancers, including lung cancers (11-18). Recently, miRNAs have
been demonstrated to be diagnostic and prognostic markers in
leukemia, lung cancer, and colon cancer (13, 18-19). It also is
suggested that miRNAs can be a therapeutic target in human
cancers (20). We previously analyzed miRNA expression profiles of
104 lung cancers, 99 of which were from smokers, and found that
high expression of miR-155, miR-21, and miR-106a, as well as low
expression of let-7a, correlated with poor survival (18). In the
present study we investigate a global expression profile of miRNAs
in lung cancers from never-smokers. Comparisons of miRNA
expression in never-smoker versus smoker cases and in EGFR
wild-type versus mutant cases find different profiles of miRNA
expression associated with smoking status and reveal EGFR-
mediated regulation of miRNA expression. Our in vitro functional
analyses also suggest that the inhibition of miR-21, whose up-
regulation is associated with EGFR mutations, can be a potential
therapeutic strategy in combination with EGFR-TKI treatment or
by itself.

Results

MicroRNA Expression Profiles in Lung Cancers from Never-Smokers.
We examined miRNA expression profiles in 28 matched pairs of
lung cancer and noncancerous lung tissues from never-smokers
(Table 1 and supporting information (SI) Table S1) using the Ohio
State miRNA microarray version 3.0 (21). In class comparison
analysis using National Cancer Institute Division of Treatment and
Diagnosis Biometric Research Branch (BRB) array tools, 18 miR-
NAs were found to be differentially expressed in cancers compared
with noncancerous tissues [P < 0.01 with a false-discovery rate
(FDR) of < 0.15)] (Table 2). The expression profiles of these 18
miRNAs distinguished cancer and paired noncancerous tissues with
a prediction accuracy of 84% using the 3-nearest-neighbor algo-
rithm and an accuracy of 82% using the support vector machine
algorithm within BRB array tools (10-fold cross validation repeated
100 times). Expression levels of 5 miRNAs were higher in cancer
tissues, with miR-21 enriched the most, at 2.35-fold. Expression
levels of 13 miRNAs were lower in cancers, with miR-486 and
miR-126* repressed the most, at 0.45-fold. The validity of the
analysis was supported by the identification of a single miRNA by
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Table 1. Characteristics of never-smoker patients with non-small
cell lung cancer

Characteristic No. of patients

Histology

Adenocarcinoma 22 (78%)

Squamous cell carcinoma 4 (14%)

Adenosquamous cell carcinoma 1 (4%)

Unclassified 1(4%)
Stage

| 21 (75%)

1-1v 7 (25%)
Age

=65 18 (64%)

> 65 10 (36%)
Gender

Female 18 (64%)

Male 10 (36%)
Race

Caucasian 19 (68%)

African American 3(11%)

Asian (Japanese) 6 (21%)
EGFR gene status

Wild-type 22 (79%)

Mutant 6 (21%)

2 different probes (miR-21, miR-521, and miR-516a), of 2 mature
miRNAs generated from a single stem-loop pre-miRNA (miR-126
and miR-126%), and of more than 1 miRNA chromosomally
clustered and possibly co-regulated (miR-30a and miR-30c on 6q13;
miR-30b and miR-30d on 8q24.22; and miR-516a, miR-520, and
miR-521 on 19q13.41)]. The mRNA microarray data of never-
smoker lung adenocarcinoma cases (22) (http:/www.ncbi.nlm.nih.
gov/geo/, accession number = GSE10072) also showed that 2 host
genes, TMEM49 and EGFL7 (Table 2), were differentially ex-

pressed in cancer and noncancerous tissues in the same directions
as their resident miRNAs (miR-21 and miR-126/126*, respectively).
The expression levels of 3 miRNAs (miR-21, miR-126, and miR-
486) were examined by real-time quantitative RT-PCR (qRT-PCR)
(Fig. S1). MiR-21 expression was significantly higher in cancer
tissues than in noncancerous tissues (P < 0.05, paired #-test) (Fig.
S1A), and miR-126 and miR-486 were expressed at significantly
lower levels in cancers (each P < 0.05, paired ¢-test) (Fig. S1 B and
C), further validating the results of the microarray analysis.

Differential miRNA Profiles in Lung Cancers from Never-Smokers
Versus Smokers. To identify cancer-associated changes in miRNA
expression that are related to smoking status, we compared the
miRNA expression profiles of the present never-smoker cases with
those of 58 smoker lung adenocarcinoma cases in our previous
study (18) and 23 additional cases of lung adenocarcinoma in
smokers (Table S2). We identified 5 miRNAs that commonly were
changed in expression in never-smoker and smoker cases, among
which was the increased miR-21 (Table S3). Although only 2
miRNAs, miR-138 and let-7c, were changed significantly (both
were down-regulated) in never-smoker cases, the altered expression
of 36 miRNAs was preferentially associated with smoker cases
(Table S3), probably reflecting the more extensive genetic and
epigenetic changes in smoker-derived lung cancers (23). By qRT-
PCR we validated the specific down-regulation of miR-138 in
never-smoker adenocarcinomas and the up-regulation of miR-21
and the down-regulation of miR-126* irrespective of smoking status
(Fig. S2). Interestingly, miR-138 is located at chromosome 3p21.33,
a candidate locus that carries a lung cancer suppressor gene (24),
and was reported to target the human telomerase reverse tran-
scriptase gene (hTERT) (25) on which a variety of cellular and viral
oncogenic mechanisms act (26). A role for this miRNA in the
etiology of lung cancers from never-smokers deserves further
investigation.

MiRNA Expression Profiles Associated with EGFR Gene Mutations. The
status of the EGFR gene was determined by DNA sequencing in the

Table 2. miRNAs differentially expressed in lung cancer tissues and normal lung tissues from 28 never-smokers

Mature miR Probe Location P-valuet FDR* Types Ratio™ Host genel
miR-21 hsa-mir-21-prec-17 17923.1 3.0E-04 0.01 Up 2.35 TMEM49
miR-21 hsa-mir-21-1 17q923.1 9.6E-04 0.03 Up 2.22 TMEM49
miR-141 hsa-mir-141-prec-1 12p13.31 0.001 0.03 Up 1.50 Intergenic
miR-210 hsa-mir-210-prec 11p15.5 0.002 0.06 Up 1.51 Intergenic
miR-200b hsa-mir-200b 1p36.33 0.008 0.11 Up 1.39 Intergenic
miR-346 hsa-mir-346 10923.2 0.009 0.12 Up 1.14 GRID-1
miR-126* hsa-mir-126*-1 9g34.3 3.5E-05 0.01 Down 0.45 EGFL7
miR-126 hsa-mir-126 9934.3 0.004 0.07 Down 0.69 EGFL7
miR-30a hsa-mir-30a-prec-1 6q13 1.4E-04 0.01 Down 0.61 Céorf155
miR-30d hsa-mir-30d-prec-2 8024.22 1.5E-04 0.01 Down 0.57 Intergenic
miR-486 hsa-mir-486 8p11.21 2.7E-04 0.01 Down 0.45 Intergenic
miR-129 hsa-mir-129-2 11p11.2 2.8E-04 0.01 Down 0.77 Intergenic
miR-451 hsa-mir-451-1 17q911.2 4.8E-04 0.02 Down 0.46 Intergenic
miR-521 hsa-mir-521-2 19q13.41 0.005 0.08 Down 0.84 Intergenic
miR-521 hsa-mir-521-1 19q13.41 0.005 0.08 Down 0.80 Intergenic
miR-138 hsa-mir-138-1-prec 3p21.33 0.006 0.10 Down 0.72 Intergenic
miR-30b hsa-mir-30b-prec 8q24.22 0.006 0.10 Down 0.58 Intergenic
miR-30c hsa-mir-30c-prec 6q13 0.007 0.11 Down 0.61 Céorf155
miR-516a hsa-mir-516a-1 19q13.41 0.008 0.11 Down 0.89 Intergenic
miR-516a hsa-mir-516a-2 19q13.41 0.010 0.12 Down 0.90 Intergenic
miR-520 hsa-mir-520 h 19q13.41 0.009 0.12 Down 0.84 Intergenic

TmiRNA-microarray analysis was performed using pairs of tumors and corresponding normal tissues from 28 never-smokers (P < 0.01).

*False-discovery rate (FDR) < 0.15.

SUp, up-regulated in tumors compared with normal tissue; down, down-regulated in tumors compared with normal tissue.

fIRatio of tumor to normal tissue.
Ihttp://microrna.sanger.ac.uk/sequences/.
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Table 3. miRNAs differentially expressed in EGF-mutant and wild-type lung cancers from never-smokers

Mature miR Probe Location P-value® FDRY Type$ Ratiof
miR-21 hsa-mir-21-1 17923.1 0.001 0.05 Up 1.79
hsa-mir-21-prec-17 17923.1 0.001 0.04 Up 1.67
miR-210 hsa-mir-210-prec 11p15.5 0.007 0.13 Up 1.20
miR-129 hsa-mir-129-2 11p11.2 0.001 0.05 Up 1.06
miR-486 hsa-mir-486 8p11.21 0.001 0.04 Down 0.60
miR-126 hsa-mir-126-2 9934.3 0.003 0.08 Down 0.69
miR-126* hsa-mir-126*-1 9934.3 0.0005 0.04 Down 0.70
miR-138 hsa-mir-138-1-prec 3p21.33 0.004 0.10 Down 0.69
miR-521 hsa-mir-521-1 19913.41 0.005 0.11 Down 0.81
hsa-mir-521-2 19913.41 0.003 0.08 Down 0.82
miR-451 hsa-mir-451-1 17911.2 0.002 0.07 Down 0.81
miR-141 hsa-mir-141-prec-1 12p13.31 0.004 0.10 Down 0.85
miR-30d hsa-mir-30d-prec-2 8024.22 0.001 0.04 Down 0.93
miR-30a hsa-mir-30a-prec-1 6913 0.001 0.04 Down 0.95

TClass comparison analysis was performed between 22 EGFR wild-type and 6 mutant tumors (P < 0.01).

*False-discovery rate (FDR) < 0.15.

SUp, up-regulated in EGFR-mutant compared with wild-type tumors; down, down-regulated in EGFR-mutant compared with wild-type

tumors.
fIRatio of tumors with mutant EGFR to tumors with wild-type EGFR.

28 lung cancer tissues from never-smokers, and 6 cases were found
to have the activating mutations of EGFR in the tyrosine kinase
domain (Table S1). The class comparison analysis of miRNA
expression between 22 EGFR wild-type and 6 EGFR-mutant cases
found 12 miRNAs that were significantly more or less abundant in
EGFR-mutant cases (P < 0.01 with FDR < 0.15) (Table 3). Of the
12 miRNAs, 10 (miR-21, miR-210, miR-486, miR-126, miR-126%,
miR-138, miR-521, miR-451, miR-30d, and miR-30a) were changed
in the same direction as in cancer versus noncancerous tissues
(Table 2), suggesting that EGFR mutations may reinforce the
aberrant regulation of some miRNAs associated with lung carci-
nogenesis in never-smokers. MiR-21 and miR-486, which were most
up-regulated and most down-regulated, respectively, in cancerous
versus noncancerous tissues, again showed the greatest difference
between EGFR-mutant and wild-type cancers (~1.7-fold and 0.60-
fold, respectively). Although the qRT-PCR data shown in Fig. S1
reflect a limited number of cases, limiting our ability to show a
statistically significant difference between EGFR-mutant and wild-
type cases in the expression of miR-21, miR-126, or miR-486, the 3 cases
expressing the highest levels of miR-21 in cancer (cases 24, 25, and 28)
had the activating mutation of EGFR (Fig. S14 and Table S1).
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Relative miR-21 expression

H157 H1299 A549 H23 H441 H1650 H1975 H3255
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Expression of miR-21 and the Status of EGFR Signaling in Lung Cancer
Cell Lines. Because of its most remarkable increase in cancer as
compared with noncancerous tissues and its association with EGFR
mutations, an indicator of sensitivity to EGFR-TKIs (9), miR-21
was chosen for further analyses. To investigate a correlation be-
tween miR-21 expression levels and the status of EGFR signaling
pathway, 8 non-small cell lung cancer (NSCLC) cell lines were
examined in Western blot (Fig. S3 4, B, and C) and qRT-PCR
analyses (Fig. 14). Among them, 3 adenocarcinoma cell lines
(H3255,H1975, and H1650) were mutant for EGFR, as reported (8,
27-29). These 3 EGFR-mutant cell lines had high levels of phos-
phorylated EGFR (p-EGFR), as well as increased amounts of total
EGEFR protein and induction of phosphorylated Akt (p-Akt) (Fig.
S3C), consistent with the constitutive activation of the EGFR
signaling pathway in these cells (28, 29). Of the 3 cell lines, H3255
and H1975, but not H1650, expressed elevated levels of miR-21
(Fig. 14). Of 5 EGFR wild-type cell lines, 3, either with (H441) or
without (A549 and H1299) detectable levels of p-EGFR (Fig. S3 4
and B), also expressed significantly higher levels of miR-21 than
seen in control untransformed cells (Fig. 14). The quantitative
comparison of miR-21 and p-EGFR levels showed a significant
positive correlation between these 2 factors (Pearson’s correlation,

N
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r=0.71, p<0.05
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(p-EGFR / B-actin)

Normalized p-EGFR expression w
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R

EGF! Wt Wt Wt Wt Wt Mt Mt Mt Relative miR-21 expression

Fig.1. MiR-21expressionin human lung cancer cell lines. (A) MiR-21 expression levels were analyzed by qRT-PCR and expressed relative to hTERT-immortalized normal
human bronchial epithelial cells (HBET2) (defined as 1.0, not shown). Data were mean = SD from 3 independent experiments. The suppressive effects of AG1478 on
cell growth were determined by MTS assay and indicated as ICsg. *, P < 0.05 when compared with HBET2, Student’s t-test. Ad, adenocarcinoma; La, large cell carcinoma;
Mt*, EGFR mutant AE746-A750 (in-frame deletion of codons 746 to 750); Mt**, L858R (substitution from leucine to arginine at codon 858) and T790M (substitution
from threonine to methionine at codon 790); Mt***, L858R; N/A, information not available; N, derived from never-smoker cases; S, derived from smoker cases; Sq,
squamous cell carcinoma; Wt, EGFR wild-type. (B) Correlation between miR-21 expression and p-EGFR levels (Pearson’s correlation, r = 0.71, P < 0.05). The miR-21 data
were from panel A, and the p-EGFR data were obtained by quantitatively analyzing the results shown in Fig. S3.
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Fig.2. AG1478 represses miR-21 expression. H3255 lung

H3255
A B * adenocarcinoma cells, characterized by a high expression
AGIATE@M) O 2 - N 2 10 ‘5 . of miR-21 and EGFR mL.Jtat.lon, were serum starved for 24 h
EGF (20 ng/ml) - | ) o+ a4 and then were grown in either the presence or absence of
%’_ * AG1478 (2 uM or 10 uM) for 2 h with or without following
p-EGFR_ s 3 exposure to 20 ng/mL EGF for 15 min. (A) The effect of
& ) * AG1478 on p-EGFR and p-Akt expression. B-actin was a
-'E loading control. (B) MiR-21 expression levels analyzed by
p-Akt ® qRT-PCR after the AG1478 treatments (2 uM or 10 uM) with
z1
5 orwithout EGF ligand stimulation. MiR-21 expression levels
[ . .
R-actin _ © 0 were expressed as values relative to untreated cells in the
AG1478 (uM) 0 2 10 o 2 10 absence of EGF. Data were mean + SD from 4 independent
EGF (20 ng/ml) - - - 0+ o+

r=0.71, P <0.05) (Fig. 1B). These results suggest that the activated
EGFR signaling pathway can be functionally associated with
miR-21 up-regulation. It also was noteworthy that miR-21 expres-
sion and/or EGFR status correlated with sensitivity (indicated as
1Csp) to an EGFR-TKI, AG1478 (Fig. 14); the 5 cell lines showing
AG1478-inhibited cell proliferation either had mutant EGFR
(H1650) or expressed > 2-fold increased levels of miR-21 (H441
and A549), or both (H3255 and H1975). We selected 2 lung
adenocarcinoma cell lines derived from never-smoker cancers for
the functional assays of miR-21: H3255 with high sensitivity to
AG1478 (ICsp, 0.3 uM), mimicking never-smoker lung cancer cases
with mutant EGFR and the highest levels of miR-21 (e.g., case
numbers 24, 25, and 28 in Fig. S14 and Table S1); and H441 with
intermediate sensitivity to AG1478 (ICsp, 10 uM), mimicking
never-smoker lung cancer cases with wild-type EGFR but with
significantly increased levels of miR-21 (e.g., case numbers 5 and 23
in Fig. S1A4 and Table S1).

Activated EGFR Signaling Enhances miR-21 Expression. EGFR-mutant
H3255 cells were treated with AG1478 in the presence or absence
of EGF (Fig. 2). AG1478 at either 2 uM or 10 uM effectively
inhibited the EGFR signaling under conditions with or without
EGF ligand stimulation, as shown by diminished p-EGFR and
p-Akt (Fig. 24), consistent with the ICs value of 0.3 uM in this cell
line. The levels of miR-21 expression in the absence of EGF were
significantly repressed by treatment with either concentration of
AG1478 (P < 0.01, paired t-test) (Fig. 2B, Left). The addition of
EGF resulted in ~2.5-fold up-regulation of miR-21 expression,
which still was inhibited back to the basal levels by treatment with
either concentration of AG1478 (P < 0.05, paired t-test) (Fig. 2B,
Right). These results indicate that miR-21 expression is positively
regulated by the activated EGFR signaling in cancer cells with an
activating EGFR mutation and that EGFR-TKIs can effectively
repress the aberrantly increased miR-21. In H441 cells with wild-
type EGFR, AG1478 at 10 uM (equivalent to the ICsj value in this
cellline), but not at 2 uM, significantly repressed miR-21 expression
(P <0.05, paired r-test) (Fig. S4). Thus, the activated signaling from
wild-type EGFR in H441 cells (Fig. S3B), probably through a
self-produced TGF-alpha stimulation (28), also can be inhibited by
AGI1478, resulting in the repression of miR-21.

Antisense Inhibition of miR-21 Induces Apoptosis in Cooperation with
EGFR-TKI. H3255 and H441 cells were transfected with an antisense
oligonucleotide targeting miR-21 (anti-miR-21). The antisense-
mediated repression of miR-21 in these cells was confirmed by
qRT-PCR (Fig. 34). Because miR-21 reportedly has an anti-apo-
ptotic activity (30), we used an assay measuring caspase-3 and
caspase-7 enzymatic activities to determine whether inhibition of
miR-21 induces apoptosis in these cells (Fig. 3 B and C). In H3255
cells, anti-miR-21 alone did not induce apoptosis (Fig. 3B, Left).
Notably, however, when used in combination with AG1478 at 0.2
uM (a concentration slightly lower than the ICsy value), anti-
miR-21 significantly enhanced AG1478-induced apoptotic re-
sponse (Fig. 3B, Right). In H441 cells, anti-miR-21 by itself resulted

12088 | www.pnas.org/cgi/doi/10.1073/pnas.0905234106

experiments. *, P < 0.05, paired t-test.

in a significant increase in apoptotic response (Fig. 3C, Left),
although it was less effective than AG1478 treatment at 10 uM (a
concentration equivalent to the ICs value). Similar to the combi-
national effect observed in H3255 cells, anti-miR-21 further en-
hanced apoptotic response induced by 10 uM of AG1478 in H441
cells (Fig. 3C, Right). The effect of anti-miR-21 on apoptosis was
substantiated further by Western blot analysis of poly (ADP-ribose)
polymerase (PARP), a main cleavage target of caspase-3 in the
apoptotic response (Fig. 3D). The amounts of uncleaved PARP
were markedly decreased in H3255 cells treated with both anti-
miR-21 and AG1478 and in H441 cells treated with anti-miR-21 in
the presence or absence of AG1478, where anti-miR-21 caused
significant increases in caspase 3/7 activities.
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23 & 3
@ a
32 @ 2
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o I-I I I 31
0 0
Anti-miR-21 - * - + Anti-miR21 - + - +
AG1478 (0.2 pM) - - + AG1478 (10 pM) - - + +
H3255 Ha41
Anti-miR-21 -+ -+ U (A
AG1478 - + 4+ + o+

PARP

Fig. 3. Inhibition of miR-21 enhances AG1478-induced apoptosis. (A) Cells
were transfected with 40 nM of anti-miR-21 (+) or control oligonucleotide
(anti-EGFP) (—) for 72 h and examined by gRT-PCR. The expression levels of
miR-21 after transfection of anti-miR-21 were expressed as the relative values to
control. Data were mean = SD from 3 independent experiments. *, P < 0.05,
paired t-test. (B, C) Cells (H3255 or H441) were transfected with 40 nM of
anti-miR-21 (+) or anti-EGFP (—) for 72 h and then were grown in the presence
or absence of 0.2 uM of AG1478 for 24 h (H3255) or 10 uM for 72 h (H441). The
activities of caspase 3/7 were expressed as the values relative to the activities of
cells without anti-miR-21 and AG1478. Data were mean =+ SD from at least 4
independent experiments. *, P < 0.05, Student’s t-test. (D) Uncleaved PARP was
evaluated by Western blot analysis. Cells were transfected with anti-miR-21 or
anti-EGFP as described previously and then were grown in the presence or absence
of 2 uM of AG1478 for 72 h. B-actin was a loading control.
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Discussion

This study shows molecular characteristics of lung cancers in
never-smokers and smokers: (i) changes in expression of a
relatively small number of miRNAs are involved in lung carci-
nogenesis in never-smokers; (if) EGFR mutations may reinforce
some of these changes in miRNA expression, e.g., an increase in
miR-21; (iii) miR-138 on 3p21.33, a chromosomal region carry-
ing a long-sought lung cancer suppressor gene, is down-regulated
preferentially in never-smoker cases; and (iv) miR-21 is one of
the most aberrantly increased miRNAs in both never-smoker
and smoker cases. There was no significant difference in the
expression levels of miR-21 when stage I cases (n = 21) were
compared with stage II, III, and IV cases (n = 7) (data not
shown), suggesting that increased miR-21 expression is an early
event in lung carcinogenesis. These findings identified miR-21 as
a major miRNA that may play an oncogenic role in lung
carcinogenesis and prompted us to choose it as a candidate for
molecular targets in treatment of lung cancers in never-smokers
as well as in smokers. Given the relationship between EGFR
mutations and miR-21 up-regulation, we also hypothesized that
this miRNA might have implications in improving EGFR-TKI
therapy, whose effectiveness is correlated with EGFR gene status
and smoking history of the patients (2, 4-6, 31).

Although high levels of miR-21 expression have been reported in
various types of human tumors (19, 30, 32), including lung cancer
from both smokers (18) and never-smokers (this study), the mech-
anism that up-regulates miR-21 during carcinogenesis is not well
understood. In addition to the miRNA microarray data showing
higher levels of miR-21 in EGFR-mutant cases (Table 3), the in
vitro analyses using NSCLC cell lines showed that the activated
EGFR signaling up-regulates miR-21 expression. A statistically
significant positive correlation was observed between miR-21 ex-
pression levels and p-EGFR levels in NSCLC cell lines (Fig. 1B).
Furthermore, the treatment with the EGFR-TKI (AG1478) inhib-
ited miR-21 expression in 2 NSCLC cell lines with elevated p-
EGFR, EGFR-mutant H3255 (Fig. 2) and EGFR wild-type H441
(Fig. S4), providing a mechanistic link between the activated EGFR
signaling pathway and the aberrant up-regulation of miR-21 and a
therapeutic basis for inhibition of miR-21 in lung cancers with
EGFR activation. STAT3 reportedly signals IL-6—induced up-
regulation of miR-21 in multiple myeloma cells (33). However,
siRNA-mediated knockdown of endogenous STAT3 expression did
not affect miR-21 levels in H441, H1650, and H1975 cells (data not
shown), suggesting that STAT3 does not play a primary role in the
EGFR signaling-induced up-regulation of miR-21 in NSCLC cells.
It remains to be examined whether activator protein-1 (AP-1),
which is activated by the EGFR signaling (34) and activates the
miR-21 transcription through the binding to the promoter (35), is
responsible for the increased expression of miR-21 in NSCLC cells.
Nevertheless, there also should be EGFR-independent mecha-
nisms to control miR-21 expression, because miR-21 was expressed
abundantly in A549 cells without EGFR mutation or p-EGFR (Figs.
1A and S3B), and no increased miR-21 expression was observed in
H1650 cells with EGFR mutation and increased p-EGFR (Figs. 14
and S3C). An increased copy number or amplification of the
chromosomal region carrying miR-21 (17q23.1) (36) may be an
EGFR-independent mechanism.

Antisense oligonucleotide-mediated knockdown of miR-21 in-
duced or enhanced apoptotic responses in 2 NSCLC cell lines,
H3255 and H441 (Fig. 3) probably recapitulating some lung cancer
cases from never-smokers. H3255 and H441 both expressed ele-
vated levels of miR-21 (Fig. 1.4) but had biologically and genetically
different features. H3255 was highly responsive to EGFR-TKI (Fig.
1A4), expressed high levels of p-EGFR (Figs. 24 and S3C), and had
mutated and amplified EGFR (Fig. 14) (37). H441 was less
responsive to EGFR-TKI (Fig. 14), expressed low levels of p-
EGFR (Fig. S3B), and had wild-type EGFR (Fig. 14). As previ-
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ously reported in other types of human cancer cells (32, 33), the
antisense inhibition of miR-21 by itself led to increased apoptotic
response in H441 cells (Fig. 3 C and D), suggesting that miR-21 also
can be a therapeutic target in lung cancers. Importantly, in both cell
lines, anti-miR-21 significantly enhanced the apoptotic response
induced by AG1478 (Fig. 3 B and C). The lack of effect of
anti-miR-21 alone in H3255 cells (Fig. 3B) may indicate that the
combinational use of anti-miR-21 and EGFR-TKI is required to
attenuate effectively the constitutively activated EGFR signaling
pathway to cell survival, which is evidenced by the highest levels of
p-EGFR (Fig. S3C) and miR-21 (Fig. 14). Although EGFR-TKIs
are in wide clinical use for lung cancer (38), and inhibition of
oncogenic miRNAs is a new promising approach in cancer therapy
(39), this study reveals that the combination of these 2 therapeutic
strategies can be significantly more effective than either alone. The
finding is of particular importance in developing better treatment
for lung cancer patients of non-Asian ethnicity, who tend to be less
responsive to the current EGFR-TKI therapy (40). This study also
has potential clinical implications in preventing and rescuing ac-
quired EGFR-TKI resistance in NSCLC, an issue with important
clinical relevance. Besides a secondary T790M mutation (41) and
acquired MET amplification (42), selection of an EGFR wild-type
subpopulation on a background of wild-type/mutant mixture leads
to acquired EGFR-TKI resistance in NSCLC (43). The combina-
torial use of EGFR-TKI and anti-miR-21 could prevent and rescue
such acquired resistance caused by the selection for wild-type
EGFR, because anti-miR-21 is effective on both EGFR wild-type
and mutant tumor cells. Successful i.v. administration of a locked
nucleic acid-modified antisense miRNA in primates (44) supports the
feasibility of in vivo targeting miRNAs in therapy of human diseases.

Last, our lists of dysregulated miRNAs (Tables 2 and 3) include
a number of other miRNAs that may have an oncogenic or
tumor-suppressive role in lung carcinogenesis, e.g., up-regulated
miR-141 (45), up-regulated miR-210 (46), down-regulated miR-126
(47), and down-regulated miR-486 (48). Further studies will address
the roles of other individual miRNAs in lung carcinogenesis and a
possible therapeutic relevance of overexpression and/or knockdown
of multiple miRNAs.

In conclusion, lung cancers in never-smokers have a characteristic
profile of miRNA expression. MiR-21 is a downstream effector of the
activated EGFR signaling pathway and can be a therapeutic target in
lung cancers with and without EGFR mutations. Antisense inhibition
of miR-21 may improve clinical response to EGFR-TKI therapy.

Materials and Methods

Clinical Samples and Cell Lines. Lung cancer tissues and corresponding noncan-
cerous tissues were obtained from never-smokers who had undergone surgical
resection between 2000 and 2004 at the University of Maryland Medical Center
(n = 15) or the Mayo Clinic (n = 7) in United States or at the Hamamatsu University
School of Medicine (n = 6) in Japan (Tables 1 and S1). Institutional review board
approval and written informed consent from all patients were obtained at each
collection site. H3255 was provided by Dr. Bahar of the National Cancer Institute.
A549, H23, H441, H1650, H1975, H157, and H1299 were purchased from Amer-
ican Type Culture Collection (ATCC). hTERT-immortalized normal human bron-
chial epithelial cells (HBET2) were established in our laboratory.

Microarray Analysis. Microarray analysis was performed as previously described
(21, 49). Briefly, 5 ng of total RNA was used for hybridization on miRNA microar-
ray chips containing 389 probes in triplicate (Ohio State microRNA microarray
version 3.0). Processed slides were scanned using a PerkinElmer ScanArray XL5K
Scanner. With statistical software R (http://www.r-project.org/), only spot values
that were not flagged by the image quantification software GenePix Pro 6.0.1.00
(www.moleculardevices.com/pages/software/gn_genepix_pro.html) and whose
foreground intensities were larger than background intensities were used. The
remaining spots then were normalized by locally weighted scatterplot smooth-
ing (LOESS), and duplicate spots were averaged. The preprocessed and normal-
ized data then were imported into BRB-ArrayTools version 3.5.0 (http:/
linus.nci.nih.gov/BRB-ArrayTools.html). Finally, 291 miRNAs with non-missing log
values present in more than 75% of the samples were selected. More information
is available in SI Materials and Methods.
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Real-Time RT-PCR Analysis. Expression of mature miRNAs was examined by
gRT-PCR analysis using a TagMan Human MicroRNA Assay kit and a PRISM 7700
Sequence Detector System (Applied Biosystems). RNU6B was an endogenous
control (#4373381, Applied Biosystems). Gene expression data (mean =+ SD from
triplicate samples) were shown as 2-2ACT (50).

Cell Treatment and Growth Inhibition Assay. To evaluate the effect of AG1478
onthe EGFRsignaling pathway and miR-21 expression levels, lung cancer cell lines
were serum starved for 24 h, incubated in the presence or absence of AG1478 (2
#M or 10 puM; Calbiochem) for 2 h, and then for an additional 15 min in the
presence or absence of EGF (20 ng/mL; Promega). Growth inhibition was assessed
by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)
2H-tetrazolium, inner salt (MTS) assay (Dojindo). Cells (5,000/well) were seeded
into 96-well plates, and increasing concentrations of AG1478 (0, 0.4, 2.0, 10, and
50 uM) were added. After incubation for 72 h at 37 °C, MTS was added and
incubated for 2 h at 37 °C; then absorbance at 450 nm was measured. The ICsg
value was defined as the concentration needed for 50% reduction of the growth.

Western Blot Analysis. Cells were lysed in buffer containing 50 mM Tris-HCl, pH
7.6, 150 mM Nacl, 0.1% SDS, 1% Nonidet P-40, and 0.5% sodium-deoxycholate.
Ten ug of proteins were separated by gel electrophoresis on 10% gels, transferred
to nitrocellulose membranes, and detected by immunoblotting using a chemilumi-
nescence system (GE Healthcare Bio-Sciences Corp.). The images were quantified
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using National Institutes of Health ImageJ1.40g (http:/rsb.info.nih.gov/ij/). Antibod-
ies are in S/ Materials and Methods.

Oligonucleotide Transfection and Apoptosis Assay. Cells were transfected with
the oligonucleotides (at a final concentration of 40 nM) using LipofectAMINE
2000 reagent (Invitrogen). After 72 h, the cells were incubated in the presence or
absence of 0.2 uM of AG1478 for 24 h (H3255) or 10 uM of AG1478 for 72 h (H441).
Activities of caspase-3 and caspase-7 were analyzed using ApoONE Homoge-
neous Caspase 3/7 Assay (Promega). Each experiment was done in triplicate and
at least 4 times independently. The data were shown as mean + SD. Oligonucle-
otide sequences are in S/ Materials and Methods.

Statistical Analysis. The paired t-test identified miRNAs that were differentially
expressed in lung cancer tissues and normal lung tissues (P<<0.01, FDR < 0.15). We
also identified miRNAs that were differently expressed in EGFR-mutant and
wild-type lung cancers using the F-test (P<0.01, FDR < 0.15). The paired t-test was
used to analyze differences in miRNA expression in tumors and corresponding
normal tissues for gRT-PCR data. Graphpad Prism v5.0 (Graphpad Software Inc.)
analysis was used for the Pearson'’s correlation. All statistical tests were 2-sided,
and statistical significance was defined as P < 0.05.
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